Abstract Tritium ( 3 H) in excess of the atmospheric values was found at volcanic Lakes Pavin (France), Laacher (Germany) and Nemrut (Turkey), as well as Kilauea Volcano at Hawaii (USA) and other volcanoes. Because 3 H has a short half-life of 12.3 years, the tritium and the resulting 3 He must have formed recently in the Earth. The result suggests that nuclear reactions may generate a significant amount of tritium in the interior of the Earth, although we have not yet learned what the reaction mechanism may be responsible. The nuclear reaction that can be responsible for tritium production in the Earth is probably a new research field in physics science. Nuclear reactions that generate tritium might be a source of "missing" energy (heat) in the interior of the Earth. Finding in-situ 3 H in the mantle may exhibit an alternative explanation of 3 He origin in the deep Earth.
Introduction
The 3 He/ 4 He ratios in mid-ocean ridge basalts (MORB) and ocean-island basalts (OIB) are greater than the atmospheric ratios. The 3 He/ 4 He ratios in MORB are characterized by a narrow distribution (8±1 R A ), whereas values in excess of 40 R A are found in OIB [1, 2] , here R A is the 3 He/ 4 He ratio in the atmosphere (1.39 × 10 −6 ). 4 He in the Earth is produced by α -decay of uranium (U) and thorium (Th). Scientists expect 3 He to result from nuclear reactions induced by neutrons, α-particles and γ-rays, and spontaneous fission (ternary fission) of U and Th in the Earth. However, results have shown that the amount of 3 He produced by nuclear reactions is very small, corresponding to a 3 He/ 4 He ratio of less than 10 −8 ∼10 −12 at the Earth surface [3∼5] . It was also proposed that "nuclear fusion" may occur in the Earth's mantle and core, but no evidence was found [6∼9] . Recent models attribute the observed 3 He from deep mantle sources to result from helium trapped at the time Earth formed some 4.5 billion years ago and the trapped helium has been preserved in the primordial reservoir ever since [11∼13] . In the last two decades, tritium data at volcanic lakes and volcanoes have been reported in the literatures. We have investigated on these tritium data, and found that the emergence of anomalous tritium is always correlated with the mantle fluids in volcanic lakes and volcanoes [14] . The anomalous tritium is observed in Lakes Pavin (France), Laacher (Germany) and Nemrut (Turkey) and at Kilauea Volcano, Hawaii (USA) and Galapogos Archipelago [6, 14] . The observation results clearly show that the excess helium isotopes 3 He and 4 He as well as excess tritium are all from mantle.
The excess tritium concentration is determined to be 4 ± 1.0 TU, 1.4 ± 0.4 TU and 3.7 ± 1.1 TU (1 TU = 1 tritium atoms per 10 8 hydrogen atoms, i. e.
H/H = 10
−18 ) in the mixolimnion in the deep water of Lakes Pavin, Laacher and Nemrut respectively [14] . A brief description of finding excess tritium in Lake Pavin (France) is demonstrated in this paper as an example of finding excess tritium in the volcanic Lakes. Volcanic lakes can store high concentrations of mantlederived volatiles and should be good sites for investigation. Detailed description of finding excess tritium in the volcanic Lakes has been presented in Ref. [14] . Excess tritium in volcanic lakes is a strong evidence for anomalous nuclear reaction in Earth's interior. This paper reports new finding of excess tritium at Kilauea Volcano and other volcanoes.
Observation of anomalous tritium in Lake Pavin
Lake Pavin is characterized by a permanent vertical density stratification resulting from a strong and persistent chemocline between about 60 m and 70 m depth. This chemocline separates the seasonally mixed mixolimnion from monimolimnion. The deep water below the chemocline forms the monimolimnion, in which helium and most dissolved ions are strongly enriched [15] . The helium concentration in the deep water is about 70 times larger than atmospheric saturation value. For 3 He the supersaturation reaches a factor of about 500. The 3 He concentration was nearly constant in 1993∼1996 measurements. The large helium excesses in the deep water clearly indicate an input of helium from underground [15] . The origin of this helium can be interpreted from the isotope ratio 3 He/ 4 He. This ratio continuously increases from values close to the atmospheric ratio R A in the surface layer to more than six times larger values at the chemocline. In the monimolimnion, the 3 He/ 4 He-ratio remains almost constant at values close to 6.5 R A . The 3 He/ 4 He isotope ratio of the excess helium is (9.09 ±0.01) × 10 −6 , or (6.57±0.01) R A . This finding clearly indicates a flux of mantle-derived magmatic gases into the monimolimnion [15] . On the other hand, chlorofluorocarbons (CFCs) concentration exhibited a sharp drop at the chemocline. Concentrations above the chemocline (∼60 m) were approximately constant at a few pmol kg −1 . Below 70 m the concentrations were below the detection limit (<0.02 pmol kg −1 ). Therefore, the age of the water in the monimolimnion might be larger than 50 years, since no CFC-12 was detectable [15] . The CFCs result also indicates that an insignificant amount of meteoric water [5] was input into the monimolimnion [15] . The tritium concentration decreased rapidly in the upper layer water between 1981 and 1996 ( Fig. 1) , whereas the atmospheric tritium concentration varying from ∼53 TU to ∼12 TU [16, 17] . On the other hand, tritium concentration appears nearly uniform in monimolimnion from 1981 to 1996. The residence time of deep water is about 70∼100 years [15] . As a rule, tritium concentration should be decreased by more than 50% from 1981 to 1996, due to its radioactive decay, but the tritium concentration is nearly constant, around 5 TU (Fig. 1) . Nearly constant 3 He concentrations were also observed [14] . Therefore, the approximate constant tritium concentration might indicate that a fluid loaded with 3 H and mantle helium isotopes was input from the bottom. We suggest that perhaps ∼1 TU tritium in the deep water might diffuse into the monimolimnion from the mixolimnion, and the extra tritium of ∼4 ± 1.0 TU was input from the bottom. 3 H concentration in Lake Pavin, measured in 1996, 1986 and 1981, data adopted from Refs. [17, 18] . The approximate constant 3 H concentration in the monimolimnion shows no obvious correlation with the large variation of 3 H concentration in the mixolimnion within 15 years. The constant 3 H concentration implies input of a uniform 3 H flux from the bottom of the lake. This figure is copied from Ref. [14] (color online) Tritium can be produced by spallation from cosmic rays, 6 Li(n, α)T reaction by neutrons, and nuclear fission [5, 18, 19] . From existing data [5, 19] , the production of 3 H from two main nuclear reactions, i. e. spallation and 6 Li(n, α)T reaction, is estimated to be less than 10 atoms/g·yr in the lake sediments, unless uranium and thorium deposits are present, which is not the case. Thus, the in-situ nuclear reactions in the sediments should make no significant contribution to the excess tritium in the lake waters. Therefore, we can conclude that the correlation of excess 3 H and 3 He in the lakes implies a common origin. The excess 3 H seems to come also from mantle-derived magmatic fluids.
Anomalous tritium at Kilauea Volcano and other volcanoes
Kilauea is a large volcano located above a mantle "hot spot" underlying the Pacific plate and is the youngest of five subaerial volcanoes on the Island of Hawaii [20, 21] . Magma rises from the mantle through a conduit located below Kilauea summit to a plexus of magma bodies underlying the southern part of the caldera [22, 23] . The top of this magma reservoir is ∼2 km beneath the summit and extends to a depth of roughly 7 km [24] . For testing nuclear process in the Earth's interior, GOFF and MCMURTRY in 2000 investigated on tritium from volcanoes worldwide [25] . However, they carefully disentangled data to assess magmatic tritium from various volcanoes and found that magmatic tritium values were generally small or consistent with zero. Positive results were not reported by them [25] . On the other hand, JONES et al. noticed that there were notable "positive 3 H anomalies" among the ten volcano samples: Kilauea in Hawaii and Alcedo "geyser" (Ecuador) in Galapogos Archipelago [6] . The magmatic-tritium result for Kilauea is clearly not zero: tritium value for the magmatic end-member was found to be 3.21 ±0.13 TU. In addition, a striking value, (15.4 ±0.5) TU, was discovered in the Alcedo "geyser". Although it was not possible for the authors to determine the end-member magmatic concentration in this case, this value appears far above that expected from rain water (about 1∼1.5 TU). We should notice the fact that these two volcanoes are "hot spot" volcanoes, characterized by high 3 He/ 4 He (∼15-30 R A ). That is, these volcanoes may be produced by magma plume from the core-mantle boundary.
We have also noticed positive anomalous 3 H above background level (1.8∼3 TU in rain samples) in some samples collected from fumarole and hydrothermal fluids at Kilauea Volcano (Fig. 2) .
The other volcanoes were not hot-spot volcanoes, i.e. the most component in the magmatic fluids may not tap from deep mantle, tapping instead from much shallower magmas [27] . Therefore, 3 He/ 4 He ratios, probably including 3 H, in these magmatic fluids should be much less than those at Kilauea Volcano. The evaluated tritium concentrations in the magmatic water of 3 He/ 4 He = 7.9 R A ) are significantly greater than zero at 95% confidence (2σ). The results suggest that in addition to Kilauea and Alcedo Volcanoes, the excess 3 H was also be found at Volcanoes Mount St. Helens (USA) and Pacaya (Guatemala).
In addition, anomalous tritium data at a research well (NSF well) at Kilauea Volcano was also reported by HURWITZ et al., 2003 [26] . The tritium concentration (1.9 ± 0.3 TU) in sample KW99-02, including the 1σ analytical error, was higher than the tritium concentration in precipitation, which was 1.5∼1.4 TU [26] . The sample was collected in 1999, before the variations of the water composition in the well, diluted by storm rain and other artificial events in September 2000∼January 2001. The ratio of 3 He/ 4 He in a dissolved gas sample extracted from well water in June 2000 and corrected for air contamination is 12.0 R A . The helium-enriched component and high 3 He/ 4 He ratio in the NSF well clearly indicate a mantle plume-magmatic source for the helium [27] . In contrast, the tritium concentrations in the samples collected after water dilution events are similar to those of the precipitation, and to water in the cistern at the wellhead [27] (Fig. 3) . 
Discussion
Excess tritium is observed at volcanic lakes and volcanoes that appear to originate from the mantle based on the correlation of excess 3 H with mantle helium isotopes and other mantle-derived fluids. A summary of excess 3 H found at volcanic lakes and volcanoes is listed in Table 1 . Because 3 H has a half-life of 12.3 years, this 3 H and the resulting 3 He must have formed recently in the mantle. In situ production of 3 H from spontaneous fission of 2 38U in magmas is calculated to be less than 0.001 TU, except for the most evolved compositions (high U, Th, and Li and low H 2 O concentration), but this is not the case. These values are below the detection limit of 3 H [25] . Recent publications demonstrate that the nuclear reactions may be produced in deuterium-loaded metals at normal temperature, such as in Ti, Ni and Pd [14,27∼30] . The compositions of Earth's mantle and core are abundant in Fe, Mg, Ni, and Al. These metals are capable of absorbing hydrogen to form metal hydrides at high pressure (> 3 G Pa) and high temperature (> 2000 • C) in deep Earth [31, 32] . Thus, there exists a possibility that nuclear reactions might happen in metal hydrides deep in the Earth. Recently, a considerable number of theoretical models have been proposed for the interpretation of lowenergy nuclear reactions [9,29,30,33∼35] , however, there is no one that may lead to its general acceptance [36] . However, the growing experience in laboratories suggests these reactions might provide some of the 3 H, 3 He and 4 He observed in the volcanoes and volcanic lakes, as well as the energy these reactions would generate. We hope our research may motivate more scientists to concern about this new subject in physics.
Tritium has a half-life of only 12.4 years, which may be too short for transport from the mantle to the Earth's surface. We speculate that nuclear process might also occur during the period of mantle-magma ascent within the mantle. The reaction might stop and tritium might be released from magma when it is near the crust, where pressure is low, thereby allow some tritium to reach the Earth's surface and transfer to some volcanic sites, such as volcanoes and volcanic lakes.
Conclusions
In addition to our previous work [14] , this paper provides further evidence for in situ tritium production deep in the Earth, though we have not yet learned what the nuclear process may be responsible for this tritium production. The plausible possibilities of fusion reaction based on low energy nuclear reactions in deep Earth may give an explanation for the process. The nuclear reaction that can be responsible for tritium production in the Earth probably is a new research field in physics science. Nuclear reactions that generate tritium might be a source of "missing" energy [37] in the interior of the Earth. Finding in situ 3 H in deep Earth may imply that the primordial helium reservoir may be not the only explanation for the origin of high 3 He/ 4 He ratios in the Earth's mantle.
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